5D supergravity generically has moduli other than the radion that belong to 5D vector multiplets. We summarize the impacts of such non-geometric moduli on 4D effective theory of 5D supergravity on S 1 /Z 2 . We mainly discuss the structure of the effective Kähler potential including the one-loop quantum corrections. As an illustrative example, we construct a model in which the size of the extra dimension is stabilized at an exponentially large value compared to the Planck length, which is similar to the LARGE volume scenario in string theory. *
Introduction
Five-dimensional supergravity (5D SUGRA) compactified on an orbifold S 1 /Z 2 has been thoroughly investigated since it is the simplest setup for supersymmetric (SUSY) extradimensional models, and it can appear as an effective theory of string theory [1, 2] . Besides, SUSY extensions of the Randall-Sundrum model [3] are also constructed in 5D SUGRA on S 1 /Z 2 [4, 5, 6 ].
When we construct phenomenological models based on 5D SUGRA, the size of the extra dimension must be stabilized at finite values. The corresponding modulus field is often referred to as the radion, and it belongs to a chiral multiplet in four-dimensional (4D) effective theories. Since the radion multiplet T rad often plays a significant role in the mediation of SUSY breaking to our visible sector, it is crucial to specify the T rad -dependence of the effective action. This issue was discussed in Refs. [7, 8, 9 ].
Here we should note that 5D SUGRA generically has other moduli whose masslessness at tree level is ensured by shift symmetries. Such moduli might also be the geometric moduli of more fundamental theories in higher dimensions, but from the viewpoint of 5D SUGRA, they are just massless scalar fields (at least at tree level). If such non-geometric moduli exist, they generically mix with the radion to form supermultiplets. The mixing is characterized by a cubic polynomial, which is referred to as the norm function [10, 11, 12] .
This corresponds to the prepotential in 4D N = 2 SUSY gauge theories. However, most models based on 5D SUGRA studied so far implicitly assumed that the non-geometric moduli do not exist. In our previous works [13] - [21] , we have investigated various properties of 4D effective theories for generic 5D SUGRA, including the non-geometric moduli.
However our discussions involve somewhat complicated technical aspects since we have worked in the superconformal formulation [10, 11, 12, 22] to deal with generic 5D SUGRA.
In this paper, we would like to emphasize the impacts of the non-geometric moduli on effective theories of 5D SUGRA by summarizing the results obtained so far without going into technical details. Especially we focus on the differences from the conventional results [7, 8, 9] that do not include the non-geometric moduli. We also construct a simple model with multi moduli that dynamically realizes a large extra dimension [23] as an illustrative example. It is interesting to note that this model is similar to the LARGE volume scenario in string theory [24, 25] although no stringy effects are necessary in our model.
The paper is organized as follows. In Sec. 2, we provide a compact review of 5D
SUGRA action with boundary-localized terms. In Sec. 3, we show the results about the tree-level Kähler potential. Many of them have been obtained in our previous works, but it is worthwhile to summarize them in an organized way. In Sec. 4, we discuss the oneloop Kähler potential. We see that our formula is consistent with other related works,
and construct a simple model that realizes the large extra dimension dynamically. Sec. 5
is devoted to the summary. In Appendix A, we provide the definitions of matrices that characterize the vector sector. In Appendix B, we listed the definitions of functions in the formula for the one-loop Kähler potential.
Set-up
We consider 5D SUGRA with generic prepotential, compactified on an orbifold S 1 /Z 2 . We take the fundamental region of 
Field content
5D SUGRA has the following supermultiplets, 1 which are decomposed into N = 1 superfields.
Hypermultiplet
A hypermultiplet is decomposed into two chiral superfields, which have opposite orbifold Z 2 -parities. The hypermultiplets are divided into two classes, i.e., the compensator multiplet (Φ C , Φ c C ) and the physical matter multiplets (Q a , Q c a ), where the index a labels gauge multiplets. The former is an auxiliary multiplet and eliminated by the superconformal gauge fixing.
2 The Z 2 -parities of the N = 1 superfields are shown in Table I . 3 Only the Z 2 -even superfields (Φ C , Q a ) have zero-modes (φ C , Q a ).
Vector multiplet
A vector multiplet V I (I = 1, 2, · · · , n V ) is decomposed into N = 1 vector and chiral
5D multiplet
Hypermultiplet Vector multiplet Role compensator matter moduli gauge effective theory. The other is a class of the moduli multiplets, which are denoted as
In this class, the chiral superfields Σ Io have zero-modes T Io , which are referred to as the moduli superfields in this paper. At least one vector multiplet belongs to the latter class, whose vector component is identified with the graviphoton.
Besides the above supermultiplets, we have the gravitational multiplet, or the Weyl multiplet in the superconformal formulation. It has to be taken into account when the one-loop correction is evaluated [21] .
The gauge-invariant field-strength superfields are defined as
where the ellipses denote terms involving the gravitational superfields [20] . We have used a matrix notation (V, Σ) ≡ (V I , Σ I )t I , where the hermitian generators t I act on (Φ C , Q a ) and contain gauge coupling constants. The gauge supermultiplets (V e , Σ e ) ≡ (V Ie , Σ Ie )t Ie are divided into the sum of the matrices (V r , Σ r ), where r labels the simple or Abelian factors of the gauge group. In this paper, we assume that the gauge groups for the moduli multiplets V Io are Abelian, and Φ C and Q a have charges −3k Io and −2d aIo for V Io , 4 Note that V is not hermitian, but e
respectively. Namely, the corresponding generators t Io are
where P C is a projection operator onto Φ C , and n a denotes the dimension of the gaugegroup representation that Q a belongs to. The gauge coupling constants k Io and d aIo induce the 5D cosmological constant and 5D bulk masses for (Q a , Q c a ), respectively. These coupling constants are Z 2 -odd. Such kink-type couplings can be realized in SUGRA context by the mechanism proposed in Ref. [27] .
The vector sector is characterized by a cubic polynomial N (V), which is referred to as the norm function. This is defined as
where the real constant c vc can take different values for each simple or Abelian factor of the gauge group. Eq.(2.3) must be Z 2 -even, and thus can be rewritten in the following form.
where C r Io are real constants, and the second term is a cubic function of only V Io .
5D Lagrangian
Since only N = 1 SUSY is preserved by the orbifold projection, it is convenient to express 5D Lagrangian in terms of the N = 1 superfields in Table I . It is an extension of Ref. [28] to the local SUSY case. Besides couplings to the gravitational superfields, 5 the 5D Lagrangian is expressed as [16, 29] 
5 Terms involving the gravitational superfields are listed in Ref. [20] . 
where W (2) α is a quadratic part of W α in V . The fractional powers in (2.5) appear after integrating out an auxiliary superfield in the 5D gravitational multiplet [29] .
The boundary Lagrangian L (y * )
where f (y * )r and W (y * ) are holomorphic functions and Ω (y * ) is a real function. The bulk superfields are evaluated at y = y * , and q y * denotes 4D chiral superfields localized at y = y * .
The warp factor does not appear explicitly in the above expressions since it can be absorbed by using the dilatation, which is a part of the superconformal symmetry that is respected in our formulation.
Effective theory at tree level
Following the procedure developed in Refs. [16, 18, 19] , we can derive 4D effective Lagrangian at tree level for the 5D theory (2.5), which is expressed in the following form.
where
Here we omit the 4D boundary superfields q y * in this section.
The effective gauge kinetic functions and superpotential are given by
The matter fields Q a can appear in f (y * )r only through the gauge-singlet combinations.
The effective Kähler potential Ω eff = −3e −K eff /3 has a more complicated structure. We will explain it in the next two subsections.
Here let us comment on the physical size of the extra dimension L phys . The relation between the 4D and 5D Planck masses M Pl and
Einstein frame, the compensator scalar φ C is fixed as
Pl [31] . On the other hand, the gauge-fixing condition for the 5D Einstein frame is
. In our derivation of (3.1), it follows that φ C = Φ 2/3 C [16] . Therefore, we find that
In the rest of this paper, we will basically take a unit of M Pl .
Flat spacetime
The flat 5D spacetime is realized when the compensator multiplet is neutral for the moduli multiplets, i.e., k Io = 0.
In the single modulus case (n Vo = 1), the effective Kähler potential Ω eff can be easily calculated as [29] 
where d a ≡ d a1 are the bulk masses for (Q a , Q c a ) in the unit of M 5 , and T rad ≡ T 1 is the radion superfield. The first line is the contributions of the boundary terms, and the second line is from the bulk. The first term in the second line is the well-known radion
Kähler potential [7] . The second term is relevant to the realization of the hierarchy among Yukawa couplings for the matter fields Q a after the canonical normalization. The third term contributes to the soft SUSY-breaking masses when some of Q b are SUSY-breaking superfields with non-vanishing F-terms.
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In the multi moduli case (n Vo ≥ 2), (3.3) is modified as
A matrix a IJ and a projection operator P V are defined in (A.1) and (A.3), respectively [10] .
Here and henceforth, the arguments of the norm functionN and its derivatives are understood as (Re T Io ). The radion superfield T rad is identified as
where · · · denotes the vacuum expectation value (VEV). The effective theory in this case has the following properties.
• Since the size of the extra dimension is L phys = N 1/2 = (Re T rad ) 3/2 , the KaluzaKlein (KK) mass scale is provided by m KK = π/ N 1/2 , which is regarded as the cutoff scale of 4D effective theory.
• Note that the matter-independent part Ω moduli eff
whereT
The first term is the radion Kähler potential, which already appeared in the single modulus case (3.3), while the second term represents the kinetic terms for the non-geometric moduli. As we can see from (3.7), if we single out the radion T rad from the moduli T Io and treat it separately, the projection operator P V appears in the kinetic terms for the other moduli, which makes awkward to treat them. Thus it is convenient to treat all the moduli on equal footing in the multi moduli case.
• The moduli Kähler potential K moduli eff = −3 ln(−Ω moduli eff /3) = − lnN , and has the no-scale structure. Thus the potential for the moduli is not generated at tree level.
The one-loop correction breaks this structure, as we will see in the next section.
• The first term inΩ (4) a,b is peculiar to the multi moduli case. It is induced by integrating out the non-geometric moduli, and can significantly affect the sfermion masses for the bulk matter fields. In fact, we have pointed out that non-tachyonic and approximately flavor universal sfermion masses are naturally obtained when the fermion mass hierarchy is realized by the wave function localization [18] .
Warped spacetime
Next we consider a case that the compensator multiplet is charged for the moduli multiplets, i.e., k Io = 0. In this case, the background spacetime has a nontrivial warped geometry.
In the single modulus case, it becomes the Randall-Sundrum spacetime [4, 5, 6] ,
where k ≡ k 1 is the AdS curvature scale in the unit of M 5 . The effective Kähler poten-
tial Ω eff is obtained as
The matter-independent term in the second line is the well-known radion Kähler potential [8, 9] . The expression (3.9) will reduce to (3.3) in the limit k → 0 since lim k→0 Y k = 1.
In the multi moduli case, on the other hand, it is much more difficult to derive Ω eff . In our previous work [19] , we derived it under the condition,
as
The corresponding background geometry is the Randall-Sundrum spacetime (3.8). The first term in (3.12) is peculiar to the multi moduli case, just like in the case of the flat spacetime. The condition (3.10) indicates that the compensator is charged only for the graviphoton (A.2), which is the N = 2 superpartner for the radion (3.6). However, this condition does not seem to be natural because it is a relation between the parameters of the theory k Io and the VEVs of the moduli. This means that the Randall-Sundrum spacetime is only a special limit in the multi moduli case. This is because the background field configuration of the non-geometric moduli generically contribute to the spacetime geometry. We need some moduli-stabilization mechanism that realizes (3.10) dynamically in order to justify (3.11).
For arbitrary choices of k Io , an explicit form of Ω eff is known only in the case that the norm function is monomial. Thus consider a case that
Then we obtain the moduli Kähler potential as [29] 14) and the corresponding background geometry is
. The condition (3.10) now becomes k 1 Re T 1 = 2k 2 Re T 2 (see (A.5)), and under this condition, (3.15) becomes the Randall-Sundrum metric (3.8) after the coordinate redefinition.
The matter-dependent terms are more complicated even in the case of the simple norm function (3.13), but they are reduced to simpler forms in some limits. In the k 2 = d a2 = 0 case, the bulk contribution to Ω eff is obtained as
and in the k 1 = d a1 = 0 case, it becomes
In the flat limit k 1 , k 2 → 0, both (3.16) and (3.17) are reduced to (3.4) with the norm function (3.13). For arbitrary gaugings, the matter-dependent part of Ω bulk eff becomes much more complicated, and is calculated as
Here 2 F 1 (a, b, c; z) is the hypergeometric function. Notice that 21) and thus (3.19) is consistent with the results (3.4), (3.16) and (3.17) .
Besides the case of (3.13), there are some other cases in which Ω eff can be calculated.
For example, the norm function,
where α and β are arbitrary real constants, reduces to the form of (3.13) by the field
Thus, Ω eff can be obtained by replacing (T 1 , T 2 ) with (T 1 , αT 1 + βT 2 ) in the above expressions.
One-loop Kähler potential
In this section, we discuss the one-loop contribution to Ω eff . We consider the case of flat spacetime, in which the tree-level Kähler potential has the no-scale structure. The oneloop correction breaks such structure, and generate the potential for the moduli, which is necessary for the moduli stabilization. Here we will focus on this property and neglect terms involving the bulk matter multipltets in Ω 1loop eff
. Such terms only provide subleading corrections to the counterparts in the tree-level Kähler potential.
General expression
We have derived the one-loop contribution to Ω eff for arbitrary forms of the norm function in Ref. [21] . The result is
where n a denotes the dimension of the gauge-group representation that Q a belongs to,
), the functions G F and H (y * ) F are listed in Appendix B, and
The brane-to-brane loop effects are contained in the second line of (4.1), and F = U, V, ch denote the contributions of the loops of the gravitational, vector and chiral multiplets, respectively. The function Z(x) is an even function that has a maximum value Z(0) = ζ(3)/4 ≃ 0.30 at x = 0 and exponentially decreases as |x| increases. In fact, it is negligible when |x| > ∼ 3. In the case that |d a · Re T | ≫ 1, the wave function for Q a strongly localized toward one of the boundaries. So only the zero-modes that spread over the bulk contribute to the first line in (4.1).
The above expression is consistent with the results in Refs [34, 35, 36] . To see this, let us consider a simple case that there are no non-geometric moduli (n Vo = 1), no bulk Such terms are canceled for theories on S 1 /Z 2 with the contribution for −L ≤ y ≤ 0 because they are
masses for the hypermultiplets (d a = 0), no gauge kinetic terms nor superpotentials at the boundaries (f (y * ) = W (y * ) = 0), and Ω (y * ) only depend on the localized chiral multiplets q y * .
Then (4.1) becomes
where n H ≡ a n a is the number of the physical hypermultiplets. The coefficient of the bulk contribution (n Ve −n H +2) is consistent with (4.7) of Ref. [34] . Now we further assume that there are no bulk matter fields, i.e., n Ve = n H = 0. Since
, (4.4)
we have
where x ≡ λ 6Re T rad . This agrees with (2.7) (or (6.32)) of Ref. [ 
35] if we identify −6Ω
(y * ) in (4.5) with Ω y * in Ref. [35] .
When Ω (0) and Ω (L) are small, Ω 1loop eff can be expanded as
We have used that
Eq.(4.6) agrees with the expression, 8) up to the quadratic order in Ω (y * ) .
In the limit Ω (L) → ∞, on the other hand, Ω 1loop eff is expanded as
We have used that 
LARGE Volume Scenario in 5D SUGRA
In order to illustrate an impact of the non-geometric moduli on the moduli stabilization, we construct a simple model, in which the moduli are stabilized by Ω
1loop eff
and an exponentially large extra dimension is dynamically realized.
Approximate no-scale structure
The moduli Kähler potential is rewritten as 12) where the first and the second terms are the tree-level and the one-loop contributions respectively, the ellipsis denotes terms involving the matter fields, and the effective number of the hypermultipletsn H is defined as
This counts the number of hypermultiplets that spread over the bulk.
Here we assume that L phys = N 1/2 ≫ 1. In this case, some moduli have very large VEVs, which are collectively denoted as T b . The other moduli are denoted as T s . Then the effective Kähler potential K is expanded as
This Kähler potential satisfies the following approximate no-scale relation, 16) where K IoJo is an inverse matrix of the Kähler metric, and
Note that |d a · Re T | ≫ 1 unless d aT b is negligibly small or a nontrivial cancellation occurs.
Thus ξ T b is exponentially small, and the ξ-dependent terms in (4.16) are all suppressed bŷ N −1 . Namely the no-scale structure is broken only by the corrections of O(1/N ).
Moduli stabilization
Now we consider a specific model with two moduli multiplets (V b , Σ b ) and (V s , Σ s ), and assumeN asN
where the constant C s is assumed to be positive and typically O(1). 9 We further assume that the gaugino condensation occurs in a non-Abelian sector r = G, in which C (3.2). Then the following the effective superpotential W is induced. 19) where the constants W 0 and A are of O(1), and a = O(4π 2 ). In this setup, we will show that there is a vacuum where Re T b ≫ Re T s and L phys becomes exponentially large.
Therefore, T b is almost identified as the radion and T s is the non-geometric modulus.
The scalar potential is calculated as 20) where D I W ≡ W I + K I W , T s ≡ τ s + iρ s , the ellipsis denotes higher order in ξ/N , and
Here the prime denotes the derivative with respective to τ s . By solving the minimization condition for V pot , we find the vacuum at the leading order in the ξ/N -expansion as
Since ρ b does not appear in V pot , its VEV is not determined at this order. We have assumed that 
where ζ ≡ ξ ′′′ /C s . Therefore (4.22) is a stable vacuum. It is a SUSY-breaking vacuum as we will see below. The potential value at this vacuum is
Thus we need an extra source of SUSY-breaking to cancel this negative vacuum energy.
Since |V min | is exponentially suppressed, the corrections to (4.22) and (4.24) by including such extra SUSY-breaking are negligible.
Soft SUSY-breaking masses
The gravitino mass is calculated as
The F-term of T b is given by
The F-term of T s vanishes at the leading order in the O (1/(a τ s ) )-expansion. Thus we need to evaluate τ s including the next leading order. Then τ s in (4.22) is modified as
Here we used an assumption that ǫ , δ ≪ 1, which is valid for typical values of the parameters. Then we obtain
The F-term of the compensator φ C is given by 30) where the cancellation of the leading contributions is ensured by the approximate no-scale structure of the Kähler potential [37] . The F-terms of the other chiral superfields are negligible. Therefore, the dominant source of SUSY breaking is the F-term of T b . Now let us consider the soft SUSY-breaking masses. Since the gauge coupling con- 
As for the matter multiplets, there are two possibilities, i.e., they are in the bulk or localized on the boundaries. The soft scalar masses in each case are estimated as follows.
Bulk matter
Since the Kähler potential for the bulk matters are read off from (3.4) as
the SUSY-breaking scalar masses of Q a are calculated as
is monotonically decreasing function of |x| and Y(0) = 1/3. Since lim x→∞ x 2 Y(x) = 1, these masses become much smaller than m 3/2 when the wave function for Q a is strongly localized toward one of the boundaries, i.e., |d a · Re T | ≫ 1.
Brane matter
The brane matter does not couple with the moduli at tree level. Thus we need to take into account the one-loop contributions in order to estimate the soft SUSY-breaking masses for them. From (4.1) with (B.1) and (B.2), we obtain 35) where the ellipsis denotes terms independent of the brane-localized fields or higher order terms in theN −1 -expansion. The first term is the tree-level contribution. We have used (4.7) to obtain the second term. As an example, we consider a case that
where Ω
0 and h q are constants. Then the soft mass for q 0 is computed as 37) which is much smaller than the soft masses for the bulk matters.
The mass scales of this model in the unit of M Pl are summarized in Table II . We have assumed that W 0 = O(1) there.
Note that the above spectrum is basically that of the Scherk-Schwarz SUSYbreaking [38] because the dominant SUSY-breaking source is provided by the F term of the radion superfield T rad ≃ T b [15, 39] . In our model, an exponentially large extra dimension is dynamically realized with the aid of the non-geometric moduli T s . Table II: The orders of magnitude of the mass eigenvalues in the unit of M Pl . The size of the extra dimension L phys is exponentially large in our model.
Comparison with LARGE volume scenario in string theory
Finally let us compare the LARGE volume scenario in type IIB string theory [24, 25] . In this scenario, the Kähler potential for the Kähler moduli has a structure, 38) where V CY is the volume of 6-dimensional compact space M in the string frame, ξ =
= 0.48 (χ is the Euler number). The ellipsis denotes terms dependent on the other moduli. On the other hand, the moduli Kähler potential in our model (4.14) can be rewritten as
In both (4.38) and (4.39), the Kähler potential has the no-scale structure at the leading order, 10 and the subleading term proportional to ξ breaks it. However, the origin of ξ is different in the two cases. In (4.38), it comes from the α ′ -correction, that is a stringy effect. In (4.39), it is induced by the one-loop correction and thus obtained within the field theory. Besides, ξ in (4.38) is a constant while it depends on the moduli in (4.39).
The mass spectrum in Ref. [24, 25] is
The moduli τ b and τ s correspond to a large and a small cycles in a 'Swiss-cheese' structure of the Calabi-Yau manifold. The moduli ρ b and ρ s are their axionic partners. The other moduli S and φ are the dilaton-axion and the complex structure moduli respectively.
Comparing our spectrum in Table II 
Summary
We discussed the impacts of the non-geometric moduli on 4D effective theory of 5D SUGRA on S 1 /Z 2 . Such moduli often exist when we construct models based on generic 5D SUGRA.
At tree level, additional matter quartic terms are induced in the effective Kähler potential by integrating out the non-geometric moduli, and they can significantly affect the flavor structure of the sfermions for the bulk matters, as we pointed out in Ref. [18] . In the flat spacetime, the moduli Kähler potential has the no-scale structure, and thus the potential for the moduli is not generated. The warped geometries are obtained by gauging an isometry on the hyperscalar manifold with the moduli multiplets V Io . This corresponds to a case that the compensator multiplet is charged for V Io in our off-shell formulation.
Notice that such warped geometries generically deviate from the familiar Randall-Sundrum spacetime in the multi moduli case because the VEVs of the non-geometric moduli also contribute to the geometry. The Randall-Sundrum geometry is just a special limit in the multi moduli case, which is realized when the isometry is gauged only by the graviphoton (or radion) multiplet.
At one-loop level, the no-scale structure in the flat spacetime is broken. Thus the moduli have a nontrivial potential, and can be stabilized. This is interpreted as the stabilization by the Casimir effect [40, 41, 42] . The one-loop Kähler potential in the multi moduli case is calculated in our previous work [21] , including generic form of the norm function and the boundary-localized terms. We checked that this result is consistent with those of other related works [34, 35, 36] , which were obtained in a simple case, i.e., ungauged SUGRA without the non-geometric moduli.
To illustrate the impact of the non-geometric moduli, we also construct a simple model, in which the size of the extra dimension is stabilized at an exponentially larger value than the Planck length. This dynamical realization of the large extra dimension is similar to the LARGE volume scenario in string theory. In contrast to the latter, we should note that the correction to the no-scale structure, which is a key of this scenario, is obtained within the field theory. Since the subleading corrections are suppressed by inverse powers of the large extra dimension, the results obtained here is robust. This scenario works thanks to the existence of the non-geometric moduli. The dominant source of SUSY breaking is provided by the F term of the radion superfield so the spectrum is essentially that of the Scherk-Schwarz SUSY breaking. Detailed phenomenological analysis of this model is interesting, and we will leave it for a future publication.
In this paper, we focused on the case that the gauge groups for the moduli multiplets are Abelian, for simplicity. When the moduli and gauge supermultiplets, V Io and V Ie , form a non-Abelian gauge multiplet, the spontaneous breaking of the gauge symmetry can occur by the Hosotani mechanism [43] and the moduli will form gauge multiplets under the unbroken gauge group. Thus we can discuss, for example, the gauge-Higgs unification scenario at the grand unification scale [44, 45] after extending our formula (4.1) to the non-Abelian case. This issue is also left for a future work.
A Matrices constructed from the norm function
The vector sector is characterized by the norm function N (X) defined in (2.4). The coefficients of the kinetic terms for the vector multiplets are given by [10] 
